Influence of ammonia and pH on protein and amino acid metabolism in LLC-PK1 cells. Metabolic acidosis inhibits protein synthesis (PS) and stimulates protein degradation (PD) in muscle and cultured myocytes but causes hypertrophy of the proximal tubule. The reason for this tissue-specific difference in response to acidosis is unknown, but it might be related to stimulation of renal ammonia production since ammonia reportedly increases PS and inhibits PD in cultured kidney cells. We examined how ammonia and pH could interact to change protein turnover in confluent LLC-PK1 cells. Varying extracellular pH from 6.95 to 7.60 did not alter PS or PD even though intracellular pH changed predictably. Six millimolar NH4CI did not change PS while 20 m inhibited PS; there was no interaction with pH. This unexpected difference from the reported stimulation of PS by NH4CI could be explained by our use of L-[U-'4C]phenylalanine rather than radiolabelied leucine to measure PS. NHC1 was found to inhibit leucine degradation which would increase radiolabelled leucine available for incorporation into protein. Renal hypertrophy occurs in several disorders, including metabolic acidosis [reviewed in 11. A key factor determining the degree of hypertrophy in any cell is the balance between protein synthesis (PS) and protein degradation (PD). The signals stimulating PS and/or inhibiting PD in cells are poorly defined and the mechanism by which metabolic acidosis causes renal hypertrophy is especially difficult to understand because extracellular acidification inhibits PS and stimulates PD in skeletal muscle and in cultured myocytes [2] [3] [4] . An explanation for renal hypertrophy in response to acidosis was suggested by Golchini et al who reported that ammonia produced in response to metabolic acidosis could act as the mediator of protein accumulation in renal cells [51. In their hypothesis, the mechanisms causing hypertrophy are that ammonia stimulates PS and inhibits PD. The influence of ammonia in the kidney could be critical because the concentration of ammonia in cortex and medulla can increase to levels as high as 4 m and 70 m, respectively, in response to partial nephrectomy and/or metabolic acidosis Received for publication January 8, 1992 and in revised form March 30, 1992 Accepted for publication March 30, 1992 © 1992 by the International Society of Nephrology [6] [7] [8] . So the interaction of metabolic acidosis and ammonia on protein turnover in kidney cells could be complicated [2, 4] .
. So the interaction of metabolic acidosis and ammonia on protein turnover in kidney cells could be complicated [2, 4] .
To examine how ammonia and/or acidification of the media would influence protein metabolism in cultured kidney cells, we studied protein turnover in confluent, incubated LLC-PK1 cells. Our results indicate that NH4CI changes protein turnover but that the effect does not depend on pH.
Methods
Dubelcco's modified Eagle's medium (DMEM), 0.05% trypsin-EDTA, penidihin-streptomycin io U/ml penicillin G and l0 j.g/ml streptomycin sulfate) and glutamine were obtained from GIBCO Laboratories (Grand Island, New York, USA). Fetal bovine serum was obtained from Irvine Scientific Cell culture LLC-PK1 cell (passage 200-220) were obtained from D.C. Eaton, Ph.D. (Physiology Dept. Emory University) and were grown in 10% CO2 and media consisting of DMEM supplemented with 10% fetal bovine serum, 2 mM glutamine, 60 lU/mi penicillin and 60 g/ml streptomycin. The cells were plated at 1 x l0/cm2 density and studied after reaching confluency. To measure PS, PD or intracellular pH (pH1), cells were grown in 6-well plates; 24-well plates were used to measure amino acid oxidation. Media pH was adjusted to 6.95, 7.25, or 7.6 by adding HC1 or NaHCO3; after equilibration with 10% CO2. the pH was confirmed.
Protein degradation
To measure PD, proteins were labeled by incubating cells in the DMEM media containing 0.5 MCi/well of L-['4C]phenylalanine (Phe) for 48 hours [4, 9] . The media was removed and the cells were washed three times with phosphate-buffered saline, pH 7.4 (PBS), before incubating them in the experimental media. In order to minimize reincorporation of L-['4C]Phe, the experimental media contained an excess (2 mM) of unlabelled Phe [9, 10] . Mter a two hour chase to remove L- ['4CjPhe released from degradation of short-lived proteins [9, 11] , the cells were washed with PBS and 4.5 ml of fresh, experimental media were added. At specific times over 48 hours, 0.5 ml aliquots of media were removed and proteins were precipitated by adding trichioroacetic acid (TCA; 10% final concentration) and leaving the samples of ice for one hour. The samples were centrifuged for five minutes and radioactivity in the TCAsoluble supernatant was determined by scintillation counting with correction for quenching using an external standard [41. At the end of an experiment, the media were removed and the monolayer was rinsed three times with PBS. Cell proteins were solubilized in 1% sodium dodecyl sulfate (SDS) and radioactivity remaining in the cells was measured.
Rates of PD were calculated by determining the amount of radioactivity appearing in the media at various times (correcting for changes in volume from successive sampling). The total radioactivity released plus that remaining in the monolayer at the end of the experiment represents the initial L-['4C]Phe incorporated into cell proteins [4, 9] . The logarithm of the percentage radioactivity remaining in cells was plotted versus time to evaluate the rate of protein degradation expressed as the log percent radioactivity remaining x 10 [4, 9, 121.
Protein synthesis PS was measured as the rate of incorporation of L-['4C]Phe into acid-insoluble protein [4, 9] . Confluent cells were preincubated for two hours in media containing 0.6 m unlabelled Phe before changing to a medium containing L-[14C]Phe (0.5 ILCiI well) plus 0.6 m unlabelled Phe. The excess of unlabelled Phe (0.6 mM) was used to ensure equilibration of intracellular and extracellular specific radioactivities [4, 9, 13] . After four hours, the media were removed, the cells were rapidly rinsed three times with ice-cold PBS and protein was precipitated by adding 10% TCA and keeping the plates on ice for one hour. The plates were scraped, the precipitate collected and washed three times with ethanol:ether (1:1) before the pellet was solubilized by incubating overnight in I ml of 0.3 M NaOH. Protein content was determined by the Lowry method [14] using bovine serum albumin as the standard; radioactivity was also measured.
Rates of L-['4C]Phe incorporation were corrected for the protein content of each well and for the specific radioactivity of Phe in the media (see below).
Intracellular specflc radioactivity
The intracellular specific radioactivity of Phe was measured to evaluate the rapidity of equilibration with extracellular specific radioactivity [4, 9, 15] . Cells were grown under the same conditions as when PS was measured. After the two hour preincubation in media containing 0.6 m Phe, the cells were treated just as in experiments in which PS was measured. After 30 minutes, two hours and four hours, the cells were rapidly washed five times with ice-cold 0.1 mrsi MgC12, and protein was precipitated by adding 5% PCA and incubating on ice for one hour. The plates were scraped and the protein pellet was separated by centrifugation before measuring radioactivity and Phe concentration in the supernatant [4] . In plates treated identically, intracellular and extracellular space were measured by incubating with radiolabelled 3-0-methyiglucose and inulin.
Determination of intracellular pH Intracellular pH was measured using the method of Pollock, Warnock and Strewler [16] . In brief, pH1 was estimated from the distribution of 0.5 pCi/mI of [2-'4C]DMO in 0.5 m DM0. Intra-and extracellular volumes were measured in a separate plate treated identically; pH1 was measured both in cells grown on plastic and on semi-permeable supports. The latter was studied to avoid the use of a sodium-free media [16] N-methyl-D-glucamine, 70-150; and N-2-hydroxethylpiperazine-N'-2-ethanesulfonic acid (HEPES), 20. The washing solution contained (in mM): NaCl, 149; HEPES, 2; and phioretin, 0.5 m dissolved in ethanol (final ethanol concentration, 1%) [16] . The sodium-free solution was removed and replaced with media adjusted to pH 6.95, 7.25 or 7.60 containing 0.5 m DM0 (1 mCi/mmol); intra-and extracellular spaces were measured in separate wells in the same plate. After incubation (10% C02, 37°C) for two hours, the cells were rapidly washed five times (<10 seconds) with 1 ml of ice-cold washing solution. The cells were solubilized in 2 ml of 1% SDS, and protein content and radioactivity were determined.
pH1 was also measured in confluent cells grown on semipermeable supports coated with rat tail collagen [17] . After 48 hours in media at pH 6.95, 7.25 or 7.60, the plates were rinsed three times with PBS and incubated in DMEM media containing radiolabelled DM0, 3-0-methylgiucose, or inulin for two hours. The cells were rapidly rinsed five times (< 15 seconds) with the 0.5 mM phloretin washing solution and then solubilized in 2 ml of 1% SDS before radioactivity was measured.
Amino acid oxidation
Confluent LLC-PK1 cells grown in 24 well plates were preincubated in media containing either 0.5 m unlabelled leucine and 0.25 pCi/well of L-[1-'4C]leucine or 0.5 mri unlabelled Phe and 0.25 pCi/well of L-[U-'4C]Phe for 30 minutes to achieve equilibration of intra-and extracellular specific radioactivities. The wells were capped with two nested stoppers. The lower stopper had a perforation which allowed CO2 released from decarboxylation of the amino acid to reach a filter saturated with 0.3 N NaOH [18] . After two hours, '4C02 trapped in the filter was measured and the cells were washed with ice-cold PBS before 0.5 ml of 3 M NaCL was added and the plates scraped. The mixture was sonicated, centrifuged and the DNA content of the supernatant was measured using the Hoechst Dye [19] . Amino acid oxidation is expressed as pmol of amino acid oxidized per pg of DNA. By using a two-hour chase period we avoided the complications of measuring the degradation of short-lived proteins [9, 11, 20] . Using a similar technique to measure PD in BC3H1 myocytes, we found that the percent radioactivity remaining in the cells declines in a log-linear fashion for at least 96 hours [4) . Figure 1A demonstrate that the percent radioactivity released from LLC-PK1 cells is also an exponential function and hence, declines with time in a log-linear fashion (Fig. 1 B) . The slope of this line yields an estimate of the rate of degradation of long-lived proteins. We conclude that measurement of the release of radiolabelled amino acids over short periods of time and analyzed using a linear equation could yield a less precise estimate of protein degradation.
Statistical analyses

Results shown in
NH4C1 is reported to cause a decrease in PD in incubated myocytes, epithelial cells, hepatocytes, and fibroblasts, as well as JTC cells [5, [20] [21] [22] [23] . To test whether a similar effect occurs in LLC-PK1 cells, we measured PD in the absence or presence of 2, 6 or 20 mi NH4CI. Incubation of cells with 6 mM NH4CI at pH 6.95, 7.25 and 7.60 inhibited proteolysis 14%, 13% and 19%, respectively (Table 1; P < 0.005). Twenty millimolar of ammonia inhibited proteolysis by 30% at pH 6.95 and 41% at 7.60 (Fig. 2) . Two millimolar of NH4C1 did not significantly change PD. There was no independent influence of extracellular pH on PD in LLC-PK1 cells, which contrasts sharply with the acceleration of protein breakdown in incubated myocytes at a low extracellular pH [4] . There was no interaction between Fisher's least-significant difference method for comparing groups. extracellular pH and NH4CI. To exclude the possibility that ammonia changed proteolysis because of nonspecific effects, cells were incubated with 20 mM NH4C1 or 40 mti mannitol at pH 7.25 [5] . There was no change in PD in cells incubated with mannitol.
One reason for the lack of response to media acidification might be that LLC-PK1 cells maintain intracellular pH despite changes in extracellular pH. To examine this possibility, intracellular pH was measured after incubating cells at pH 6.95, 7.25 and 7.60 for 48 hours in DMEM media. Results in Figure 3 A and B indicate that intracellular pH decreases as extracellular pH is reduced. The slopes of the relationships between extraand intracellular pH were not statistically different in cells Values are mean SE of protein and DNA content of LLC-PK1 cells incubated under different conditions. By ANOVA, there was a significant ( P < 0.001) increase in protein content of cells incubated for 96 hours with 20 msi NH4CI; the DNA content was unchanged. Values are mean SE of the slope (x l0) of the log-percent L-['4C]Phe remaining in cells per hour. LLC-PK1 cells were incubated for 48 hours in media containing either mannitol, 20 mM NH4CI, 100 LM chloroquine or NH4CI plus chloroquine. By ANOVA, NH4CI, chloroquine and NH4CI plus chloroquine significantly inhibited protein degradation (P < 0.001). NH4CI plus chloroquine inhibited PD more (P < 0.05) than either chloroquine or NH4CI.
grown on plastic or semipermeable supports so cell pH decreases when extracellular pH is lowered.
The protein content per well was unchanged after 48 hours in cells incubated at 2 to 20 mri NH4CI. After 96 hours of exposure to 20 m NH4C1, the protein content increased significantly (Table 2 ; P < 0.001); there was no change in DNA content.
Thus, as noted by Golchini et a!, the effect of NH4CI is related to a change in protein metabolism rather than a response to hyperplasia [5] . hours in LLC-PK1 cells incubated in the presence or absence of 20 m NH4CI for 24 hours prior to and during the experiment. By ANOVA, NH4CI inhibited (P < 0.00 1) protein synthesis at each extracellular pH.
Extracellular pH had no significant effect on protein synthesis in the absence of NH4CI nor did pH change the influence of 20 msi NH4CI independently.
Regarding the mechanism for the effect of NH4C1 on PD, we examined the effects of another inhibitor of lysosomal function, chloroquine. Chioroquine (0.1 mM) decreased PD 20%, which was not significantly different from the 26% decrease in PD caused by exposure to 20 mrs'i NH4C1. Incubating cells with NH4CI and chloroquine caused PD to decrease further (Table 3; P < 0.05).
To measure PS, we determined whether phenylalanine is degraded by LLC-PK1 cells (Methods). There was no detectable, irreversible degradation of phenylalanine when LLC-PK1 cells were incubated with or without 6 or 20 m ammonia.
Secondly, we measured the intracellular specific radioactivity of L-['4C]Phe in cells incubated in media containing an excess of phenylalanine. As in myocytes [4, 9] , the intra-to extracellular ratio was not significantly different from one: it was 0.96 0.08 at 30 minutes, 1.10 0.03 at two hours and 0.90 0.07 at four hours. Gulve and Dice used similar techniques and showed that there is also rapid equilibration of extracellular specific radioactivity with the specific radioactivity of tRNA [9] . Consequently, we used the extracellular specific radioactivity of Phe to calculate rates of PS [4, 9] . After exposure to 20 m NH4CI for 24 hours, PS was decreased 20% at pH 6.95, 12% at pH 7.25 and 16% at pH 7.60 (Table 4) . PS was unaffected by incubating cells for 24 or 48 hours in 6 mrt NH4C1 (Table 5) .
These results are opposite to those obtained when PS was Values are mean SEM of the pmol of leucine oxidized/pg DNA/2 hours. Leucine oxidation was significantly inhibited by both 6 and 20 mM NHCI (P < 0.001).
measured with radiolabelled leucine in cultured JTC renal cells [5] . Both Seglen [24] and Ballard [201 have raised the possibility that changes in the metabolism of the amino acid used to measure PS could invalidate the measurement. To test their hypothesis formally, we measured the influence of NH4C1 on the oxidation of leucine since a change in leucine metabolism could affect the intracellular specific radioactivity and hence, the apparent rate of PS. After two hours, leucine oxidation was inhibited 92% in cells incubated with 6 mi NH4C1 or 20 mM NH4C1 (Fig. 4) . Exposure to 20 mri NH4C1 decreased leucine oxidation 88% after 24 hours and the effect persisted for 96 hours.
We then compared rates of PS measured using a tracer quantity of L-[1-14C]leucine, a combination of labelled plus unlabelled leucine and the combination of labelled and unlabelled phenylalanine to examine how changes in leucine metab- olism would influence the measurement of PS. Cells were incubated with or without 20 mrt NH4CI for 48 hours prior to measuring PS. As before, PS was decreased by NH4C1 when measured using phenylalanine (P < 0.02). In sharp contrast, PS was increased when cells were incubated with NH4C1 and
]leucine plus an excess of unlabelled leucine (Table 6 ; P < 0.005).
Discussion
The mechanism by which chronic metabolic acidosis causes renal hypertrophy is unclear since metabolic acidosis inhibits growth, accelerates whole-body protein degradation and stimulates proteolysis in isolated skeletal muscle from rats [2, 3, 25] . Extracellular acidification also inhibits PS and stimulates PD in cultured BC3H1 myocytes [4] . In view of the catabolic effect of acidosis, it is puzzling why there should be an anabolic effect in renal cells so we examined the effects of acidification on protein turnover in cultured kidney cells. In contrast to results in incubated myocytes, neither PS nor PD changed in LLC-PK1 cells incubated at pH values lower than 7.25 (Tables 1 and 4 , Fig. 2) . A pH of 7.25 was chosen as "normal" since the PCO2 of the renal cortex is 60mm Hg [26] . pH values of 6.95 and 7.60 were chosen to reflect acid and alkaline conditions to which renal tubules would be exposed.
One possible reason that extracellular pH did not change protein metabolism is that LLC-PK1 cells maintain pH1 despite a variation in extracellular pH. As shown in Figure 3 , pH, in LLC-PK1 cells varies directly with extracellular pH. These results are consistent with the report of Sahai, Laughrey and Tannen using the same method [27] and other investigators using different methods [28, 29] . Thus, protein metabolism in these cells is unaffected by variations of cell pH. Golchini et al suggested that renal hypertrophy in metabolic acidosis could be an effect of ammonia produced in response to metabolic acidosis. They found that ammonia stimulates PS and inhibits PD in cultured JTC cells without changing pH1 [51. They measured PD as release of L-[3H]leucine from prelabelled cells over a three hour period and measured PS as the incorporation of a tracer quantity of L-[3H]leucine. As shown in Figure 1 , the release of a non-metabolized amino acid, L-phenylalanine, from protein is log-linear with time so measuring the release of a labelled amino acid from cell protein over short periods of time
and assuming the release is linear with time could reduce the accuracy of estimating PD. Despite methodologic differences, we found that NH4C1 inhibits PD in LLC-PK1 cells as it does in fibroblasts [23] , hepatocytes [22] , myocytes [201 and renal cells [5, 21] . Interestingly, the influence of NH4CI on PD was independent of cell pH. However, the DM0 method would not identify a change in the pH of subcellular components such as lysosomes or endosomes. The proteolytic mechanisms in cells include lysosomal, cytoplasmic ATP-dependent and ATP-independent pathways plus calcium-activated proteases (reviewed in 30, 31) . Since the weak base, ammonia, has been shown to reduce lysosomal proteolysis in a dose-dependent fashion, we used another inhibitor of lysosomal proteolysis, chioroquine, to evaluate the contribution of this pathway to the inhibitory effects of ammonia on PD in LLC-PK1 cells [32] . Both chioroquine and NH4C1 decreased PD and the effects of both compounds together exceeded the inhibitory effect of each compound (Table 3 ). This result probably means that NH4CI enhances the inhibitory effects of chioroquine. On the other hand, we used 20 mM NH4C1 so it is possible that ammonia also depresses the activity of another proteolytic pathway but our results do not suggest a specific pathway.
In contrast to the results of Golchini et al, we found that 20 mM NHCI but not 6 mtvi NH4C1 decreased PS. Rabkin, DahI and Tsao also have reported that NH4C1 does not stimulate PS in OK cells [33] or in primary cultures of proximal tubule cells (R. Rabkin, personal communication). The reason for the difference in our results from those of Golchini et al [5] could be that we measured protein turnover using radiolabelled amino acids which are virtually non-degraded by the intact kidney [34] , by proximal tubules [35] , or by LLC-PK1 cells (see above).
We used phenylalanine because leucine is degraded by the kidney [361 and by LLC-PK1 cells (Fig. 4) . The extent of leucine degradation will be determined by the activity of the ratelimiting enzyme, branched-chain cs-ketoacid dehydrogenase (BCKAD), which changes in response to several factors but the influence of ammonia has not been tested [reviewed in 37].
Since ammonia changes oxidation of leucine (Fig. 4) the interpretation of a rate of leucine incorporation into protein would be complicated and any error would be magnified if cells were incubated with tracer quantities of radiolabelled leucine. Since NH4CI sharply inhibits leucine oxidation in cultured renal cells the intracellular specific radioactivity would increase and more L-[14Cjleucine would be available for incorporation into protein. Clearly, this would complicate interpretation of changes in PS. This effect of ammonia also might explain the decreased activity of the BCKAD in kidneys from rats with chronic metabolic acidosis [251.
The measurement of PS using tracer quantities of radiolabelied leucine would be influenced in another fashion by NH4C1 since ammonia decreases PD and would reduce the release of unlabelled amino acids arising from degradation of endogenous proteins [24] . This effect would also change the intracellular specific radioactivity. Thus, an increase in PS found when a tracer quantity of L-['4C]leucine is used (Table 6) can be explained by the following mechanism. Both leucine oxidation and protein breakdown are inhibited by NH4C1 leading to an increase in intracellular specific radioactivity and an apparent stimulation of PS. These problems can be avoided by using an amino acid that is minimally degraded by the kidney (such as, phenylalanine) and a high concentration of this unlabelled amino acid to ensure rapid intracellular equilibration and minimal reutilization of the labelled amino acid [4, 9, 13] . Finally, since PS decreases or does not change in response to NH4C1, the mechanism for the increase in protein content per cell (Table 2) is primarily an inhibition of PD.
In conclusion, incubation in acid or alkaline media does not affect protein turnover in LLC-PK1 cells even though pH1 changes in a predictable fashion. In contrast, ammonia has an anabolic effect which is due to inhibition of proteolysis and the mechanism involves lysosomal and possibly, non-lysosomal pathways.
